1. Introduction {#s0005}
===============

Gold nanoparticles (ranging in size from 1 to 200 nm) might find various applications in medicine including the enhancement of x-ray radiation damage to tumor tissues [@bib1], [@bib2], [@bib3], [@bib4] and the induction of localized heating in photothermal therapy [@bib5], [@bib6], [@bib7]. The latter is achieved when gold nanoparticles are exposed to light and impart heat energy to their local environment due to the temporary existence and decay of localized surface plasmon polaritons. In addition of use of gold nanoparticles, also supermagnetic nanoparticles are developed for magnetic resonance imaging and hyperthermia to induce cancer cells death or promote drug release [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13]. In all cases of nanoparticle use, not only should the particles be stable, but they should preferentially target diseased tissue, such as a cancerous tumor.

Many contemporary therapeutic and imaging approaches to cancer treatment rely on tumor-targeting biomarkers such as antibody technologies or vitamin binding [@bib14], [@bib15], [@bib16], [@bib17], [@bib18]. Although there are significant successes, the inter- and intra-heterogeneity of tumors, their complexity, and their ability to adapt to new conditions often create parts of a tumor that may not express enough of the biomarker to be targeted. This results in the regrowth of resistant tumors and poor therapeutic outcomes, where the average improvements in survival are measured in months. At the same time, there is an emerging body of evidence indicating that the acidity of the tumor tissue plays a key role in determining cancer cell invasiveness and resistance to therapies. Tumors exhibit marked heterogeneity due to genetic alterations, which lead to the modification of biochemical pathways. The modifications that result from metabolic alterations, lead to a surge in extracellular acidity. Tumor cells adapt to this acid-induced toxic environment by stimulating proteins that regulate intracellular homeostasis [@bib19], [@bib20].

Among pH-targeting agents, the family of pH Low Insertion Peptides (pHLIP^®^) find a broad range of applications in biomedical sciences. pHLIP^®^ peptides insert across cellular membranes in a pH-dependent manner, with one terminus exposed to the extracellular space and the other terminus to the cytoplasm [@bib21], [@bib22], [@bib23], [@bib24]. The molecular mechanism of a pHLIP^®^ peptide\'s action is based on the protonation of Asp/Glu residues, which enhances the peptide\'s hydrophobicity and promotes membrane-associated folding with the insertion of a transmembrane helix [@bib25], [@bib26]. It was shown that pHLIP^®^ peptides are excellent at targeting acidic tumors, which allows for the specific delivery of imaging and therapeutic agents to cancer cells within tumors [@bib22], [@bib27], [@bib28], [@bib29]. The number and variety of pHLIP^®^ based nanomedicines is growing. For example, the coating of lipid-based, polymeric, and metallic nanoparticles with pHLIP^®^ peptides enhances the targeting of acidic tumors and the number of particles internalization within cancer cells [@bib30], [@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36].

We have shown specific tumor accumulation of gold nanoclusters of 1.4 nm in diameter conjugated to the pHLIP^®^ peptide [@bib37], and an enhancement of radiation effect observed for cancer cells treated with pHLIP^®^ gold nanoclusters [@bib38]. As well, novel photo-induced pHLIP^®^ coated hollow gold nanospheres containing chlorin e6 were introduced recently [@bib33], [@bib34]. The nanospheres experience hyperthermia within 5 min of laser exposure, which leads to the release of photosensitizers due to the reduction of electrostatic interaction. While the obtained results are very interesting and promising, there are aspects which require improvement and justify further work: i) the coating of gold nanoclusters conjugated with pHLIP^®^ peptide should be improved to avoid particles aggregation; and ii) a greater amount of gold might be needed in tumors to observe a significant radiation enhancement effect. Therefore, here we introduce novel approaches for synthesis of pHLIP^®^ and PEG coated spherical and spiked gold nanoparticles for the enhancement of radiation damage and near infrared (NIR) thermal therapy.

2. Materials and methods {#s0010}
========================

2.1. Materials for synthesis of pHLIP^®^ and PEG coated gold nanoparticles {#s0015}
--------------------------------------------------------------------------

Gold III chloride, 5% solution, was purchased from Salt Lake Metals (Salt Lake City, UT). Sodium citrate tribasic, [L]{.smallcaps}-ascorbic acid, and urea dehydrate were purchased from Sigma-Aldrich Co. (St. Louis, MO). The wild type (WT) pHLIP^®^ peptide:

ACEQNPIYWARYADWLFTTPLLLLDLALLVDADET

was synthesized and purified by C.S. Bio Co. (Menlo Park, CA), and the concentration of the peptide was determined by absorbance at 280 nm (*ε*=13,940 M^−1^ cm^−1^). The m-polyethylene glycol--SH (mPEG-SH), about 5 kDa in mass, was purchased from Creative PEGworks (Chapel Hill, NC). The lipids, 1,2-dihexanoyl-*sn*-glycero-3-phosphocholine, D6PC; 1,2-diheptanoyl-*sn*-glycero-3-phosphocholine, D7PC/DHPC and 1,2-dimyristoyl-*sn*-glycero-3-phosphocholine, DMPC were purchased from Avanti Polar Lipids, Inc (Alabaster, AL). Tris-(2-carboxyethyl)phosphine hydrochloride (TCEP) was purchased from Thermo Fisher Scientific (Waltham, MA). The procedures for synthesis of the spherical and multispiked pHLIP^®^ and PEG coated gold nanoparticle are described in the Results section.

2.2. Bicelle preparation {#s0020}
------------------------

Bicelles were prepared by thin-film method: a chloroform solution of DMPC and D7PC (DHPC) lipids were dried using a rotary evaporator producing an even thin film, followed by the additional overnight evaporation under a high vacuum to remove traces of organic solvents. The lipid layer was re-suspended in 10 mM phosphate buffer pH 6.5 and underwent ten freeze-thaw-vortex cycles using liquid nitrogen and a warm bath (40 °C).

2.3. Purification of gold nanoparticles {#s0025}
---------------------------------------

To remove large particles (in the case of spherical gold nanoparticles) and excess reducing agents, the final solution of particles underwent two forms of filtration. Large particles were removed using centrifugation (5 min at 10,000 relative centrifugal force, RCF). Excess reducing agents were removed by size-exclusion chromatography using sephadex G25 fast spin columns. 500 μL of particles was added to 5 mL of sephadex G25 gel filtration beads (Sigma-Aldrich Co.) (the beads were hydrated in the desired buffer) and centrifuged for 0.5 min increments at roughly 36 RCF. The final nanoparticle solutions were passed through a 0.2 µm sterile Acrodisk® syringe filter with HT Tuffryn® membrane (Pall Life Sciences) for sterilization when experiments on cultured cells and mice were carried out, as well as for stability studies and heating experiments.

2.4. UV--visible absorption spectroscopy {#s0030}
----------------------------------------

The absorbance of gold nanoparticles was recorded on a Genesys 10S UV--Vis Spectrophotometer to establish the wavelength range of resonance.

2.5. Measurements of particles size {#s0035}
-----------------------------------

The size of bicelles and gold nanoparticles in solution was measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern) instrument and a nanoparticle tracking system, Nanosight (NS300, Malvern), respectively. Transmission electron microscopy (TEM) (JEOL 2100) with an accelerating voltage of 200 kV at magnifications in the range of 10,000× to 150,000× was used to image gold nanoparticles to establish the shape, size, and homogeneity of the particles. Samples were prepared for TEM by drying 5 μL of the nanoparticle solution on a carbon type-B, 300 mesh, copper grid (Ted Pella, Inc). Size histograms were averaged and fitted with a Gaussian function.

2.6. ICP-MS analysis {#s0040}
--------------------

The investigated samples (cells, tumor tissue, or nanoparticles in solution) were dissolved in a concentrated solution of aqua regia (1:3 volume ratio of nitric acid and hydrochloric acid) and sonicated. The final solutions were diluted to 2% (wt/vol) nitric acid with distilled water and centrifuged to remove organic tissue. The gold content was quantified using inductively coupled plasma mass spectrometry (ICP-MS) (Thermo scientific X7 series and Thermo X-Series 2 quadrupole) by using calibration standards IMS 103 (UltraScientific).

2.7. Heating {#s0045}
------------

In a poly(methyl methacrylate) (PMMA) cuvette (with a 4.5 mm window width and 12.5 mm depth), 300 μL of solution was illuminated by an 805 nm temperature controlled laser diode with 500 mW output (TCLDM9, Thorlabs). The solution temperature was measured every minute with an immobilized FLIR E6 thermal imager (FLIR Systems, Inc.) from above to avoid obstruction by the cuvette walls. A sample of phosphate-buffered saline (PBS), pH 7.4, was illuminated and used as a baseline.

2.8. Cancer cells {#s0050}
-----------------

JC murine mammary-gland adenocarcinoma cells were obtained from the American Type Culture Collection (ATCC). The cells were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum (FBS) and 10 μg/mL ciprofloxacin in a humidified atmosphere of 5% CO~2~ and 95% air at 37 °C.

2.9. Cytotoxicity assay {#s0055}
-----------------------

JC cancer cells were seated in a 96-well plate (3000--3500 cells per well in 100 μL RPMI medium) and incubated overnight. The next day, 100 μL of gold nanoparticles in PBS pH 7.4 supplemented with 10 mM [D]{.smallcaps}-glucose were added to the cells at two concentrations and incubated for 48 h. Final gold concentrations after addition to cells were 0.025 g/L and 0.013 g/L (spherical particles) 0.010 g/L and 0.005 g/L (multispiked particles). Cell viability was assessed by a colorimetric reagent (CellTiter 96 AQ~ueous~ One Solution Assay, Promega), which was added to cells for one hour followed by the measurement of absorbance at 490 nm by an iMark Microplate Absorbance Reader (Bio-Rad Laboratories, Inc.). The absorbance readings were corrected for the absorbance of gold nanoparticles at 490 nm. All samples were prepared in triplicate.

2.10. Cellular uptake of gold nanoparticles {#s0060}
-------------------------------------------

Various amounts of JC cancer cells (from 100,000 to 1 million cells in different experiments) were treated in suspension with purified spherical gold nanoparticles (0.83% citrate and 10% pHLIP-90% PEG) (typically the final concentration of gold with cells was 0.06 g/L) for three hours at 37 °C in serum-free Leibovitz\'s L-15 medium of pH 6.0 or pH 7.4 (final treatment volume was 500 μL). In another experiment, JC cells were pre-treated with gold nanoparticles in serum-free L-15 medium at pH 7.4 for 20 min, and then media (with different pHs) were added to set a total volume of 500 μL and a final solution pH of 7.4 or 6.0--6.2. After treatment, samples were pelleted (5 min at 600 RCF) and washed with PBS, pH 7.4, three times. The amount of gold in each pellet was then quantified using ICP-MS. The amount of gold not taken up by cells was quantified in the supernatant by absorbance measurements. Control samples of gold nanoparticles without cells and cells without particles were investigated at both high and low pH as well. All samples were prepared in triplicate.

2.11. Uptake and distribution of gold in tumors {#s0065}
-----------------------------------------------

All animal studies were conducted according to the animal protocol AN07-01-015 approved by the Institutional Animal Care and Use Committee at the University of Rhode Island, in compliance with the principles and procedures outlined in the National Institutes of Health Guide for the Care and Use of Animals. Female Balb/C mice ranging in age from 4 to 6 weeks and weighing from 18 to 22 g were obtained from Envigo RMS, Inc; 16 mice were used in the study. Tumors were established in the right flank by subcutaneous injection of JC cancer cells (10^6^ cells in 100 μL). After about two weeks, 50 μL of 0.11 g/L of purified spherical gold nanoparticles (0.83% citrate and 10% pHLIP-90% PEG) (5.5 µg of gold), or 0.42 g/L gold particles (21 µg of gold) in PBS, pH 7.4, supplemented with 10 mM [D]{.smallcaps}-glucose were injected intra-tumorally. An hour after injection, mice were euthanized and the tumors were immediately collected for histological and gold-quantification analysis. The amount of gold in each tumor was quantified using ICP-MS. A non-injected mouse with a similar-sized tumor was used as a negative control. The distribution of gold within the tumor was assessed by white light imaging of the tumor center.

2.12. Histological staining and imaging of tumor sections {#s0070}
---------------------------------------------------------

Immediately after tumors were collected from the mice, they were frozen in tissue-tek OCT compound using liquid nitrogen and stored at −80 °C until sectioned at a thickness of 20 µm using a cryostat at −25 °C (Vibratome UltraPro5000, GMI). Tumor sections were then fixed in a 4% paraformaldehyde solution (Sigma-Aldrich Co.), washed three times with deionized water, permeated with 0.3% Triton X-100 (Sigma-Aldrich, Co.) in PBS, pH 7.4, for one hour, washed two times with deionized water, and stained with HQ Silver™ silver enhancement solution (Nanoprobes, Inc) for 15 min followed by a final washing. The tumor sections were finally stained with 3 μM 4′,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Thermo Fisher Scientific) for two and a half hours to mark cell nuclei. Adjacent tumor slides were fixed in 4% formaldehyde and stained with hematoxylin and eosin (H&E) (Thermo Fisher Scientific and Poly Scientific R & D Corp). The stained section was covered with a drop of mounting medium (Permount®, Fisher Scientific) and then a cover slide was placed over the medium. The slides were examined under an inverted fluorescence microscope (IX71 Olympus).

3. Results {#s0075}
==========

We have synthesized and investigated pHLIP^®^ and PEG coated gold nanoparticles. In our study we used WT pHLIP^®^ peptide (4.1 kDa) with a single Cys residue at the N-terminus and similar size of PEG polymer (about 5 kDa) with a single SH group. The pHLIP^®^ and PEG were used in a mixture with reducing agents, tri-sodium citrate or ascorbic acid, to prepare spherical or spiked gold nanoparticles, respectively. The pHLIP^®^ peptide was dissolved in a solution of 2.7 M urea and mixed (in equal parts) with degassed, deionized water containing a ten times molar-excess of TCEP, which prevents the formation of disulfide bonds. The PEG polymer was dissolved in degassed, deionized water containing a ten times molar-excess of TCEP.

3.1. Synthesis and characterization of spherical pHLIP^®^ and PEG coated gold nanoparticles {#s0080}
-------------------------------------------------------------------------------------------

To obtain pHLIP^®^ and PEG coated spherical gold nanoparticles, the solution of gold III chloride was reduced using tri-sodium citrate mixed with pHLIP^®^ peptide and PEG polymer. The solution containing gold III chloride, citrate, pHLIP^®^, and PEG was blown with argon and sealed for incubation at room temperature. Within 15--20 min a change in color of the solution was observed ([Supplementary Fig. S1](#s0120){ref-type="sec"}) and particles were left overnight at room temperature to ensure the complete reduction of the gold and coating of nanoparticles by pHLIP^®^ and PEG. Interesting to note that presence of pHLIP^®^ slows down time of gold reduction.

In the course of this study we varied the amount of citrate, pHLIP^®^, and PEG, and monitored the changes of nanoparticles size and absorbance of the nanoparticles solution for the appearance of a resonance peak at 525 nm ([Fig. 1](#f0005){ref-type="fig"}). The absence of pHLIP^®^ and PEG leads to the aggregation of particles and precipitation within a couple of hours after their preparation ([Supplementary Fig. S1](#s0120){ref-type="sec"} and [Fig. 1](#f0005){ref-type="fig"}a). The higher amount of citrate is expected to promote better stability of nanoparticles. However our goal was an investigation of formation of gold nanoparticles in the presence of pHLIP^®^ and PEG, which were found to enhance stability and solubility of nanoparticles. The best resonance was observed when gold nanoparticles were coated with both pHLIP^®^ and PEG. The amount of sodium citrate was varied from 0.42% to 2.8% wt/vol in the presence of 10% pHLIP^®^ and 90% PEG in solution, where the concentration of citrate is reported as a final concentration in the nanoparticle solution ([Fig. 1](#f0005){ref-type="fig"}b). A low amount of citrate (0.42% wt/vol) in solution results in the shift and broadening of the resonance peak, as well as the appearance of large particles, which was confirmed by the nanoparticle tracking system (data not shown). At the same time, particle sizes did not change when the amount of citrate was varied from 0.83% wt/vol to 2.8% wt/vol. The best results (narrow resonance) were obtained for citrate concentrations in the range between 0.83% wt/vol and 1.7% wt/vol. There is a possibility that at high amount of citrate (2.8% wt/vol) in the presence of pHLIP^®^ and PEG, the shape of particles might be altered, which leads to the broadening and shift of a resonance.Fig. 1*Characterization of Spherical Gold Nanoparticles.* The absorbance spectra of the spherical gold nanoparticle solutions synthesized *a*) in the absence and presence of pHLIP^®^ peptide and/or PEG polymer or mixture of 10% pHLIP^®^ and 90% PEG (1.7% wt/vol citrate); *b*) with various amounts of sodium citrate, where the percentage of citrate is reported as the final wt/vol concentration (10% pHLIP^®^ and 90% PEG); *c*) with various amounts of pHLIP^®^ and PEG (0.83% wt/vol citrate). *d*) The representative TEM images of pHLIP^®^ and PEG coated spherical gold nanoparticles obtained at 20,000× and 40,000x magnifications (0.83% wt/vol citrate and 10% pHLIP^®^−90% PEG). The size histograms of the metallic core of pHLIP^®^ and PEG coated nanoparticles is shown in [Supplementary Fig. S2](#s0120){ref-type="sec"}a. ***e***) White light images of particles at the beginning and end of stability studies (0.83% wt/vol citrate and 10% pHLIP^®^−90% PEG, particles were purified and kept at 4 °C in PBS, pH 7.4).Fig. 1.

The amount of pHLIP^®^ peptide and PEG polymer was altered as well. An increased percentage of negatively charged pHLIP^®^, which slows down process of gold reduction, and decreased percentage of neutral PEG polymer leads to the broadening of resonance and shift (by 6--8 nm) of resonance to longer wavelengths ([Fig. 1](#f0005){ref-type="fig"}c). The minimum amount of citrate (0.83% wt/vol), 10% pHLIP^®^ and 90% PEG were chosen as an optimal, when resonance is narrow and there are enough of pHLIP^®^ peptides deposited to the surface of nanoparticles to preserve pH-dependent interaction of the coated nanoparticles with the lipid bilayer of a membrane. The final selected composition of reagents (0.83% citrate and 10% pHLIP-90% PEG) comprised the following molar parts: 0.5 parts of 10 mM gold III chloride; 0.075 parts of tri-sodium citrate (10% wt/vol); 0.1125 parts of 0.5 mM PEG with 5 mM TCEP; 0.0125 parts 0.5 mM pHLIP^®^ peptide with 5 mM TCEP and 1.35 M urea, and 0.3 parts of degassed deionized water.

After synthesis, the solution of nanoparticles was purified to remove large particles and excess reducing agents. The large particles were removed by centrifugation. The excess reducing agents were removed when the nanoparticles were transferred to PBS, pH 7.4 solution by size-exclusion chromatography. TEM imaging was employed to analyze nanoparticle size and shape distributions ([Fig. 1](#f0005){ref-type="fig"}e). The nanoparticles were homogeneous and round. The metallic core was about 7.0±2.5 nm in diameter ([Supplementary Fig. S2](#s0120){ref-type="sec"}a). The mean hydrodynamic size (diameter), determined by nanoparticle tracking system, was about 43 nm.

Purified spherical gold nanoparticles coated with pHLIP^®^ and PEG (0.83% citrate and 10% pHLIP-90% PEG) were stable for at least 36 days at 4 °C in PBS, pH 7.4. The stability of gold nanoparticles in solution was assessed by visual appearance of precipitate, measurements of nanoparticle size and resonance peak by absorbance recording. The stability study was carried out on the particles at two different concentrations with gold amount of 0.10 g/L and 0.02 g/L. A high stability profile was obtained for both concentrations ([Fig. 1](#f0005){ref-type="fig"}d). At the same time, when particles were synthesized using a citrate reducing agent (low amount of citrate) containing only PEG, or without both PEG and pHLIP^®^, the stability was seriously compromised; particles settled over time forming large visible aggregates and the resonance peak was shifted and broadened (data not shown). Thus, the presence of pHLIP^®^ peptide in gold nanoparticles coating is essential to maintain colloidal stability over time when using the methods described here.

3.2. Templated synthesis and characterization of pHLIP^®^ and PEG coated multispiked gold nanoparticles {#s0085}
-------------------------------------------------------------------------------------------------------

Another approach we explored in the preparation of pHLIP^®^ and PEG coated gold nanoparticles was based on use of bicelles as a soft template, to obtain irregularly shaped nanoparticles. Bicelles are disk-like micelles, which consist of long-chain and short-chain phospholipids or surfactants ([Fig. 2](#f0010){ref-type="fig"}a). The limitation in experiments using bicelles is typically the high critical micelle concentration (CMC) of lipids and detergents, which restricts the degree of bicelle dilution without the lipid phase transforming to vesicles. For example, the CMC of the widely used short-chain D6PC lipid is 14 mM. Thus, when the best characterized system of D6PC--DMPC bicelles are diluted below CMC, they are expected to be converted into a mixture of free D6PC lipids and DMPC lipid bilayer liposomes. It is known that D7PC lipids have a 10 times lower CMC (1.4 mM), and D7PC--DMPC mixtures retain bicelle properties at concentrations even as low as 0.1% wt/vol [@bib39]. Therefore, we selected the DMPC-D7PC lipid system and ensured that the addition of gold and reducing solutions does not lead to the dilution of lipids below 0.1% wt/vol. Assuming the DMPC and DHPC head groups occupy the same areas, the molar ratio of long-chain to short-chain lipids is expressed via *q*-values, which reflects different aspect ratios of disk-like bicelles [@bib40], [@bib41]:$$q = \frac{\lbrack\mathit{DMPC}\rbrack}{\lbrack\mathit{DHPC}\rbrack} = \frac{2\pi R^{2}}{{\pi h}\left( {{\pi R} + h} \right)}$$where *R* is the radius and *h* is the height of the bicelle ([Fig. 2](#f0010){ref-type="fig"}a). The height of the bicelles in our study was 4.2 nm and the radius varied depending upon the ratio of DMPC to DHPC lipids. The diameters of the bicelles of different asymmetry, *d*(*q*), calculated according to the above equation (without accounting for the DHPC capping) are the following: *d*(0.2)=4.2 nm; *d*(0.3)=6.0 nm; *d*(0.5)=8.6 nm; *d*(0.75)=12 nm; and *d*(1.0)=15 nm. To investigate the integrity of the D7PC-DMPC bicelle structures of various aspect ratios, we monitored their change in size at concentrations of 1.0%, 0.5% and 0.1% wt/vol ([Fig. 2](#f0010){ref-type="fig"}b). Because we were only concerned with the change in size upon dilution, no attempts were made to account for asymmetric particle sizes in DLS measurements. A slight increase in size was observed at low concentrations (0.1% wt/vol) for bicelles with *q*-values less than 0.75. On the other hand, highly asymmetric bicelles with a *q*-value equal to 1 lose their structural integrity as a result of dilution. Therefore, all experiments were performed with bicelles of *q*-values of 0.75 and lower.Fig. 2*Structure of bicelles*. *a*) The disk-like shape of a bicelle with height, *h*, and radius, *R*, composed of DMPC and DHPC lipids. *b*) Dependence of bicelle size, established by DLS, on its *q*-value, which is a ratio of long- to short-chain lipids (reflecting the asymmetry of a bicelle).Fig. 2.

Templated synthesis of pHLIP^®^ and PEG coated multispiked gold nanoparticles was always initiated shortly after bicelle preparation. We ensured that the addition of gold solution and reducing agents does not lead to the dilution of the bicelle solution to lipid concentrations less than 0.1% wt/vol. The following steps were performed in synthesis of multispiked gold nanoparticles: i) a solution of gold III chloride was added to the solution of bicelles and mixed; ii) next, the reducing agent, ascorbic acid, was added very carefully; and iii) upon color change (\~30 s) the solution containing pHLIP^®^ and PEG was immediately added to complete the coating process. The appearance of NIR absorbance ([Fig. 3](#f0015){ref-type="fig"}a) along with TEM imaging ([Fig. 3](#f0015){ref-type="fig"}b) was indicative of the formation of multispiked gold nanoparticles. In the absence of bicelles, the resonance shifted to 525 nm ([Fig. 3](#f0015){ref-type="fig"}a), reflecting the formation of solid spherical gold nanoparticles, which was also confirmed by TEM. Interestingly, the use of citrate as a reducer instead of ascorbic acid shifts the equilibrium towards the formation of solid spherical gold particles rather than the templated synthesis of spiked gold nanoparticles (data not shown). The change of bicelle asymmetry (increase of *q*-values from 0.3 to 0.75) does not affect appearance of NIR resonance ([Fig. 3](#f0015){ref-type="fig"}a). Variation in the amount of gold in the range from 1:0.5 to 1:3 lipid:gold ratios did not significantly affect the appearance of the resonance peak. The normalized absorbance of nanoparticles does not change upon dilution or the addition of a detergent that disrupts lipid structures, Triton X-100, indicating nanoparticle stability and integrity after synthesis (data not shown). The presence of pHLIP^®^ and PEG resulted in the formation of particles that were more stable in aqueous solution compared to the particles without coating, which were precipitated shortly after their preparation. The final composition of the reagents was the following molar parts: 0.05 part of 15 mM of lipids arranged into bicelles (\>0.1% wt/vol), 0.15 parts of 5 mM gold III chloride; 0.0225 parts of 250 mM ascorbic acid; 0.414 parts of 0.5 mM PEG with 5 mM TCEP; 0.046 parts 0.5 mM pHLIP^®^ peptide with 5 mM TCEP and 1.35 M urea; and 0.3175 parts of degassed, deionized water.Fig. 3*Characterization of Multispiked Gold Nanoparticles*. *a*) The absorbance spectra of gold nanoparticles obtained by gold reduced with ascorbic acid, pHLIP^®^, and PEG in the absence and presence of bicelles of different asymmetries. *b*) The representative TEM image of pHLIP^®^ and PEG coated multispiked gold nanoparticles obtained at 12,000× magnification. The size histograms of the metallic core of pHLIP^®^ and PEG coated nanoparticles is shown in [Supplementary Fig. S2](#s0120){ref-type="sec"}b. *c*) The change in temperature over time measured in solutions containing pHLIP^®^ and PEG coated spiked gold nanoparticles of different concentrations irradiated by an 805 nm laser.Fig. 3.

TEM imaging performed on filtered pHLIP^®^ and PEG coated gold nanoparticles demonstrated the presence of irregular, multispiked gold nanoparticles ([Fig. 3](#f0015){ref-type="fig"}b). The structures were the same for bicelles with different *q*-values. Conversely, multispiked structures were not observed in absence of bicelles. The mean core size (diameter) of multispiked nanoparticles established by TEM was 146.0±50.4 nm ([Supplementary Fig. S2](#s0120){ref-type="sec"}b). The mean hydrodynamic diameter, determined by nanoparticle tracking system, was about 161 nm.

Different concentrations of pHLIP^®^ and PEG coated multispiked gold nanoparticles were illuminated in solution by an 805 nm laser diode with 500 mW output. The laser radiant exposure was \~400 J/cm^2^. For particles at a concentration of 0.021 g/L gold, a temperature increase of 14 degree units (from 26 °C to 40 °C) was observed within 5 min ([Fig. 3](#f0015){ref-type="fig"}c), which is \~18 J imparted to water or \~12% energy converted to heat. More concentrated particles showed greater temperature changes at all time points compared to less concentrated particles.

3.3. Interaction of pHLIP^®^ and PEG coated gold nanoparticles with cancer cells {#s0090}
--------------------------------------------------------------------------------

First, we have tested the cytotoxicity of pHLIP^®^ and PEG coated spherical and multispiked gold nanoparticles. JC murine mammary-gland adenocarcinoma cells were treated with gold nanoparticles (0.025 and 0.013 g/L of spherical; and 0.010 g/L and 0.005 g/L of multispiked) for 48 h. The obtained results indicate that these gold nanoparticles do not exhibit any cellular toxicity.

Next, we evaluated the pH-dependent cellular uptake of spherical gold nanoparticles coated with pHLIP^®^ and PEG. The experiment was performed several times and in different ways, such that the treatment of cells with gold nanoparticles was done at neutral and low pH, or the pre-treatment of cells with gold nanoparticles was done at neutral pH followed by the change of pH with media to low pH. All obtained data indicate that the uptake of spherical gold nanoparticles coated with pHLIP^®^ and PEG by JC cancer cells at pH 6.0 was about 3 times higher than the uptake at neutral pH. The results confirm the pH-dependent cellular uptake of gold nanoparticles coated with pHLIP^®^ and PEG.

3.4. Distribution of pHLIP^®^ and PEG coated gold nanoparticles within tumors {#s0095}
-----------------------------------------------------------------------------

JC cancer cells were inoculated into the right flank of mice by subcutaneous injection. Spherical gold nanoparticles coated with pHLIP^®^ and PEG were administered as a single intra-tumoral injection at quantities of 5.5 and 21 μg gold. One hour after injection, animals were sacrificed so that tumors could be collected and processed to establish the amount of gold within and the distribution throughout a tumor. Among all of the mice, there were animals with different tumor masses that were separated into 3 groups: 0.1, 0.3 and 0.4 g. The percentage of injected dose accumulated within the tumors increased with the increase of tumor mass: 16.2% for 0.1 g tumor; 18.0% for 0.3 g, and 29.1% for 0.4 g of tumor ([Supplementary Fig. S3](#s0120){ref-type="sec"}). The mean tumor uptake of gold (calculated for 8 animals) was 6.8 μg of gold per gram of tumor (with standard error of 1.6) when a total of 5.5 μg of gold was injected. The mean tumor uptake of gold (calculated for 6 animals) was 24.5 μg/g (with standard error of 8.5) when 21 μg of gold was injected. The highest accumulation of gold ∼47 μg/g was found in the smallest tumors (85.0±2.3 mg) injected with 21 μg of gold.

We also investigated the distribution of gold within the tumor mass. The white light images were taken from the center of the tumor mass ([Fig. 4](#f0020){ref-type="fig"}a). Then, the frozen tumor samples were sectioned and stained with H&E ([Fig. 4](#f0020){ref-type="fig"}b). The gold was distributed nearly homogeneously within tumor mass except the right edge of the tumor with no gold accumulation in the surrounding muscle. The muscle tissue adjacent to the tumor is indicated by arrows on [Fig. 4](#f0020){ref-type="fig"}a and b, and a magnified image of the border of the section containing both cancer cells and muscle is shown on [Fig. 4](#f0020){ref-type="fig"}c. Adjacent sections were treated with Triton to permeabilize the cellular membranes and then stained with both a silver enhancement solution and DAPI. The representative images of the gold enhanced by silver and stained nuclei are shown on [Fig. 4](#f0020){ref-type="fig"}d--f.Fig. 4*Tumor Imaging of Spherical Gold Nanoparticle Uptake. a* ) The white light image of a tumor center showing the gold distribution (after a 21 μg intra-tumoral injection of pHLIP^®^ and PEG coated spherical gold nanoparticles in PBS, pH7.4); *b*) the section from the tumor center stained with H&E; and *c*) the magnified image of the tumor section outlined by a square in panel *b*, which shows tumor (T) and muscle (M). The arrows on panels *a* and *b* indicate muscle tissue. *d*) The bright field image of tumor sections stained with silver enhancement solution and *e*) the fluorescent image of the same tumor section stained with DAPI to visualize cell nuclei; and *f*) an overlay of the bright filed and fluorescent images. The percentage of injected dose of gold accumulated within tumors of different masses is given in the text and in [Supplementary Fig. S3](#s0120){ref-type="sec"}.Fig. 4.

4. Discussion {#s0100}
=============

The motivation for our work was based on a desire to introduce stable pH-sensitive pHLIP^®^ and PEG coated gold nanoparticles with a potential translation to the clinic. We developed methods for the preparation of spherical and multispiked gold nanoparticles coated with pHLIP^®^ and PEG, which might find application in radiation and NIR thermal therapies. The approach for the synthesis of spherical gold nanoparticles coated with pHLIP^®^ and PEG is very robust and can be implemented in applied studies. The protocol for the preparation of multispiked gold nanoparticles coated with pHLIP^®^ and PEG could be further optimized, however the proof of principle is established in our work. In both cases, pHLIP^®^ peptide and PEG polymer were used as components of the reducing solution (sodium citrate as a reducer in the case of spherical nanoparticles and ascorbic acid in the case of multispiked nanoparticles). The optimal combination of pHLIP^®^ and PEG was selected to be 10% and 90%, respectively. A decreased percentage of pHLIP^®^ in the nanoparticle coating might lead to the reduction of particle stability (resulting from the reduction of the overall negative charge due to the presence of pHLIP^®^ peptide on particle surfaces) and the loss of pH-dependent properties. Previously, we investigated and showed the utility of liposomes coated with different quantities of pHLIP^®^ and PEG [@bib30], [@bib35]. It is also possible to further optimize particles by employing a pHLIP^®^ PEG conjugate instead of directly coating the surface with pHLIP^®^. Spherical gold nanoparticles coated with pHLIP^®^ and PEG exhibited high stability in solution over a one month time period, as opposed to the particles with no coating or just PEG coating. The PEG coating was widely utilized in coating of various nanoparticles [@bib42], [@bib43], [@bib44], [@bib45], [@bib46]. The size of the pHLIP^®^ PEG coated particles' metallic core was in the range of 5--8 nm in diameter and the hydrodynamic size (diameter) of coated particles was in the range of 40--50 nm. The nanoparticles showed a pH-dependent uptake by cancer cells with no signs of cytotoxicity. We performed intra-tumoral injections of spherical gold nanoparticle solutions and investigated gold uptake and distribution within tumors at one hour post-injection. It does not seem that there is any clinical utility to perform a systemic administration of particles, since radiation therapy is typically delivered locally and the location of the tumor is known from prior diagnostic imaging. Also, there is a requirement to have as much gold as possible within a tumor (which could be achieved only by local administration of the particles) to induce a radiation enhancement effect. The radiation delivered within a one hour time frame of particle administration is expected to be in line with clinical practice. Our results indicate that gold nanoparticles (21 µg of injected gold) were distributed within the tumor mass very well and with an overall uptake of 24.5 µg of gold per gram of tumor mass, reaching values of 47 µg/g in tumors with masses of 1 g and less. This is a higher uptake compared to that of pHLIP^®^ gold nanoclusters [@bib37]. We believe, the presence of pHLIP^®^ peptide in the coating of gold nanoparticles was crucial. The peptide allowed particles to stay within the tumor and promoted the uptake of particles by cancer cells at low extracellular pH, as we have shown previously [@bib37], [@bib38]. At the same time, particles were able to diffuse within a tumor as opposed to the direct injection of micron-sized gold particles, that hinder tumor coverage by staying only at the injection site [@bib3]. We also would like to outline that systemic administration of nanoparticles or antibodies conjugated with gold nanoparticles results in staining of only the peripheral tumor regions with limited penetration inside the tumor mass [@bib47]. We did not observe an accumulation of gold within the muscle tissue adjacent to the tumors. The amount of injected gold in our study was much less than the amount of gold used in previous radiation therapy studies on mice (see review and references within it) [@bib48]. However, we believe that the targeting of gold nanoparticles directed by pHLIP^®^ peptide to the vital cellular structures such as plasma and nuclear membranes could lead to the enhancement of radiation effects even at lower gold concentrations [@bib38].

The spherical particles have the smallest surface to volume ratio for a given size of a particle. The appearance of multiple sharp spikes or tips on the surface of nanoparticle is known to give rise to the strong spatial confinement of the electromagnetic field, since the core of a particle serves as a nanoscale antenna, increasing the excitation cross section and the enhancement of the tip plasmon polaritons [@bib49], [@bib50]. Various approaches were introduced in the synthesis of star-like and multispiked gold nanoparticles [@bib50], [@bib51], [@bib52], [@bib53]. We used a soft template material of phospholipid bicelles to synthesize pHLIP^®^ and PEG coated multispiked gold nanoparticles. Bicelles, which possess both low- and high- curvature regions within a bilayer disks, represent a class of model membranes used in nuclear magnetic resonance (NMR) structural studies of membrane biomolecules [@bib41], [@bib54], [@bib55], [@bib56], but they have found additional applications in biomedical sciences [@bib57], [@bib58], [@bib59]. The bicellar templates were utilized previously to control the growth of platinum with ascorbic acid as a reducer, producing metal nanodisks and nanowheels [@bib60], [@bib61]. Other phospholipid structures, like spherical liposomes, were also used for gold deposition to assemble biodegradable plasmon resonant nanoshells, which were used for the laser-induced release of molecules encapsulated into these liposomes [@bib62], [@bib63], [@bib64]. Another approach was based on the assembly of liposomes and micelles, called metallosomes, by using lipids conjugated with gold nanoclusters [@bib65]. The presence of a soft template, like bicelles, in our reduction mixture induced the formation of multispiked gold nanoparticles with plasmon resonance in the NIR range. The absence of bicelles leads to the formation of spherical gold nanoparticles with absorbance at 525--560 nm. The size of gold multispiked nanoparticles established by TEM imaging and nanoparticle tracking system was in the range of 100--170 nm and 130--200 nm, respectively. The heating of pHLIP^®^ and PEG coated multispiked gold nanoparticles in solution by an 805 nm laser diode led to the increase of the solution temperature by 14 degrees within 5 min. Multispiked particles could be used in combination with NIR laser treatment for photo-induced hyperthermia. It would be very advantageous to employ lower power NIR laser radiation systems, which are currently available for indocyanine green (ICG) imaging in clinical endoscopy and laparoscopy (see table 4 for the description of ICG clinical imaging systems in the review article) [@bib66]. Also, due to the very high surface area of multispiked gold nanoparticles, we envision their potential successful application for the enhancement of x-ray radiation effects. A number of binary radiation therapies are under consideration [@bib2], [@bib67], [@bib68], [@bib69]. At low photon energies, the most promising approach is based on dose enhancement through Auger electron emission. Auger electron emission generates a cascade of low energy electrons that travel short distances and deposit their energy locally [@bib70]. Thus, it is very important to deliver gold nanoparticles to vital cellular structures, which pHLIP^®^ helps achieve. Also, it was proposed that a potential advantage of the use of small gold nanoparticles (with an enhanced surface/volume ratio) is the minimization of the energy of the Auger electrons deposited (lost) inside the gold nanoparticle [@bib38], [@bib70]. Therefore, it could be very attractive to test multispiked gold nanoparticles with large surface/volume ratios as radiation enhancers.
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